Introduction {#Sec1}
============

Depression, a common multicausal psychiatric disorder and a significant contributor to the social burden of disease, is characterized by a lack of interest, sleep disturbances, poor concentration, enduring sadness, and suicidal tendencies \[[@CR1]\]. Increasing evidence suggests that inflammation and immune activation may be closely related to the pathogenesis of depression \[[@CR2]--[@CR5]\]. Clinical findings have indicated that only 30% of depressive patients achieve full remission (Hamilton rating score ≤7) \[[@CR6]\]. Therefore, developing new targets based on the understanding of the pathophysiological mechanisms associated with depression is urgently required for the study of novel antidepressants.

Microglia are resident innate immune cells within the central nervous system (CNS) and play a central role in the neuroinflammatory response \[[@CR7], [@CR8]\]. In clinical research, microglial activation has also been observed in patients with depression who have committed suicide \[[@CR9]\]. Activated microglia are often categorized into classical (M1) and alternative (M2) phenotypes. M1 microglia may contribute to the dysfunction of the neurotrophic system by expressing proinflammatory cytokines, such as tumor necrosis factor-α (TNF-α), IL-1β, IL-6, iNOS, and CCL2, which lead to neurotoxic outcomes \[[@CR10]\]. The M2 phenotype, sometimes called the neuroprotective microglial phenotype, induces the release of different mediators, including Ym1, arginase 1 (Arg1), IL-10, IL-4, and TGF-β, to antagonize inflammation-induced damage in the CNS \[[@CR11], [@CR12]\]. These data indicate that the M2 microglial phenotype may have a therapeutic effect on depression. Interestingly, previous studies have found that nuclear factor-E2 related factor 2 (Nrf2) has an important suppressive effect on the inflammatory response by inhibiting the nuclear factor-κB (NF-κB) signaling pathway \[[@CR13], [@CR14]\]. Previous studies have found that the activation of TLR4 signaling promotes the phosphorylation of NF-κB, thereby promoting inflammatory effects \[[@CR15]\]. The expression of the TLR4/NF-κB signaling pathway was found to be negatively correlated with the expression of Nrf2 \[[@CR16]\]. The increased activation of Nrf2 along with its target antioxidant enzyme HO-1 was also shown to inhibit the expression of TLR4/MyD88 \[[@CR17]\]. Finally, a study found that Nrf2 activation reduces brain inflammation after stroke by enhancing microglial M2 polarization \[[@CR18]\].

Adipose-derived mesenchymal stem cells (ADSCs) are easily isolated and expanded from adipose tissues. ADSCs are multipotent cells that can be induced to differentiate into many lineages, including adipogenic, chondrogenic, myogenic, and osteogenic cells \[[@CR19]\]. After transplantation, ADSCs can engraft in brain tissue and differentiate in situ into neurons and glial cells, and as a result, ADSCs are usually used in peripheral nerve regeneration \[[@CR20]--[@CR22]\]. Recently, studies have found that ADSC transplantation therapy has anti-inflammatory effects \[[@CR23], [@CR24]\]. In the present study, we studied the therapeutic mechanism of ADSCs in depression and sought to elucidate the relationship between Nrf2 and microglial phenotype by using a chronic mild stress (CMS)-induced depressive mouse model and lipopolysaccharide (LPS)-induced inflammatory cell model.

Materials and methods {#Sec2}
=====================

Male C57BL/6 mice (7--8 weeks old) were purchased from SLAC Laboratory Animal Co. Ltd. (Shanghai, China). All animal experiments were approved and performed according to the guidelines of the Ethics Committee of Zhongshan Hospital of Fudan University, Shanghai, China. All surgical procedures were performed under anesthesia, and every effort was made to minimize suffering.

Isolation, culture, and identification of ADSCs {#Sec3}
-----------------------------------------------

ADSCs were isolated as previously described \[[@CR24]\]. Briefly, adipose tissue from mouse abdominal fat pads was isolated and washed with phosphate-buffered saline (PBS) and minced before digestion with 0.2% collagenase I (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 37 °C with intermittent shaking. The digested tissue was washed with Dulbecco's modified Eagle's medium (DMEM, Sigma-Aldrich) containing 15% fetal bovine serum (FBS, Gibco BRL, MD, USA) and centrifuged at 1200 × *g* for 10 min to remove mature adipocytes. The pellet was resuspended in DMEM supplemented with 15% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin and cultured at 37 °C and 5% CO~2~. ADSCs that reached 80%--90% confluency were detached with 0.02% ethylenediaminetetraacetic acid/0.25% trypsin (Sigma-Aldrich) for 5 min at room temperature and then replated. For phenotypic analysis, fluorescein isothiocyanate- or phycoerythrin-conjugated CD29, CD90, CD44, CD105, and vWF antibodies were used. An IgG-matched isotype served as the internal control for each antibody. Normoxic ADSCs were cultured in 95% air (20% O~2~) and 5% CO~2~.

Multilineage differentiation of ADSCs {#Sec4}
-------------------------------------

To evaluate the multilineage differentiation of ADSCs, third-passage mouse ADSCs were cultured in adipogenic differentiation medium and stained with oil red O after 14 days or cultured in osteogenic differentiation medium and stained with alizarin red after 21 days.

RNA interference or overexpression {#Sec5}
----------------------------------

To modify Nrf2 expression in ADSCs, an Nrf2 interference vector (siNrf2) and an Nrf2 overexpression vector were synthesized (GenePharma, Shanghai, China). Then, ADSCs were transferred to six-well culture plates and transfected by incubation in complete medium containing 100 μg/mL ADSC-exosomes (200 μg/well) and Lipofectamine 2000 (Thermo Scientific, MMAS, USA) or an equal volume of PBS for 48 h before exosomes were isolated for other experiments.

Microglial cell culture and treatment {#Sec6}
-------------------------------------

BV2 microglial cells (FuHeng Biology, Shanghai, China) were cultured in DMEM (Sigma-Aldrich) with 10% FBS (Sigma-Aldrich), 100 U/mL penicillin (Invitrogen, CA, USA), and 0.1 mg/mL streptomycin (Invitrogen, CA, USA) in a humidified atmosphere of 5% CO~2~ and 95% air at 37 °C. The cells were passaged two to three times per week and then distributed into 24-well plates at a density of 5 × 10^5^ cells per well. The cultivated BV2 cells were treated with or without 100 ng/mL LPS (Sigma-Aldrich) or with 100 μM Exo (100 μg/mL). After culturing for 24 h, the cells were analyzed using real-time polymerase chain reaction (RT-PCR), enzyme-linked immunoabsorbent assay (ELISA), and Western blotting.

RNA extraction and RT-PCR {#Sec7}
-------------------------

Total RNA was isolated from brain tissues or cells using TRIzol reagent. First-strand cDNA was synthesized using the PrimeScript™ RT Master Mix (Perfect Real Time) Kit (Takara Bio Inc., Shiga, Japan), which, along with forward and reverse primers and Power SYBR Green PCR Master Mix (Life Technologies, Thermo Fisher Scientific, CA, USA), was then used for RT-PCR. β-Actin was used as the internal control. The primer sequences were shown in Table [1](#Tab1){ref-type="table"}. The quantification of relative protein and endogenous control mRNA levels was performed using TaqMan assays. The data were analyzed using the 2^−ΔΔCt^ method.Table. 1The primer sequencesGene namePrimer (5′ to 3')β-actinSense: CCGTGAAAAGATGACCCAGATCAntisense: CACAGCCTGGATGGCTACGTiNOSSense: GCAGAGATTGGAGGCCTTGTGAntisense: GGGTTGTTGCTGAACTTCCAGTCArg1Sense: GGAAGACAGCAGAGGAGGTGAntisense: TATGGTTACCCTCCCGTTGAYm1Sense: TCACTTACACACATGAGCAAGACAntisense: CGGTTCTGAGGAGTAGAGACCACCL2Sense: CTGATGCAGGTCCCTATGGTAntisense: GCAGGATTTTGAGGTCCAGA

ELISA {#Sec8}
-----

BV2 cells or serum were treated with RIPA Lysis Buffer (Beyotime Institute of Biotechnology, China) and centrifuged at 12 000 × *g* for 5 min. The supernatants were collected to detect the protein levels by ELISA. The expression of MCP-1, IL-6, TNF-α, and IL-1β was assayed using ELISA kits (NeoBioscience Technology Co., Ltd., Beijing, China) according to the manufacturer's protocol. The absorbance at 450 nm was recorded using a microplate reader.

Western blot analysis {#Sec9}
---------------------

Total protein from brain tissue or BV2 cells was collected, and protein concentrations were determined with a BCA kit (Beyotime Institute of Biotechnology, China) following the manufacturer's guidelines. Equal amounts of protein were separated by SDS-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes (Millipore, MA, USA), blocked with 5% skim milk, and incubated with primary antibodies (see below) either overnight at 4 °C or for 1 h at room temperature. The membranes were washed and incubated with a horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (1:500; Beyotime Institute of Biotechnology, China) and were visualized using an ECL Plus kit (Millipore). Densitometry was performed to quantify the signal intensity using ImageJ software (Version 1.45 J; National Institutes of Health, Bethesda, MD, USA). The primary antibodies were rabbit anti-Nrf2, anti-HO-1, anti-NF-κB1, anti-CD29, anti-CD90, anti-CD44, anti-CD105, anti-CD34, anti-vWF, anti-BDNF, anti-TrkB, and anti-GAPDH (Abcam, Cambridge, UK).

CMS procedure {#Sec10}
-------------

The CMS procedure was performed according to previously described \[[@CR25], [@CR26]\]. The stress procedure followed a random schedule of commonly used mild stressors, such as food deprivation for 24 h, water deprivation for 24 h, cage tilting (45°) for 24 h, damp bedding for 24 h, stroboscopic illumination for 24 h, overnight illumination and restraint stress for 2 h. The mice received one stressor once per day, and the same stressor was never applied on 2 consecutive days. The stress regimen lasted for 6 consecutive weeks. The control group was housed in a separate room and had no contact with the stressed animals. After 3 weeks of the CMS procedure, the stressed mice were divided into the vehicle group and the drug-treated group. The drug-treated mice received an intravenous injection of ADSCs (1 × 10^6^) once a week for 3 weeks. Body weight (BW) was measured every week. After 6 weeks of treatment, the mice in the different groups were used for behavioral measurements and pathological analysis.

Behavioral measurements {#Sec11}
-----------------------

### Sucrose preference test (SPT) {#Sec12}

Mice were subjected to the SPT weekly, as described previously \[[@CR25], [@CR26]\]. Briefly, mice were housed individually and deprived of food for 6 h and water for 12 h before the test and then given access to water (A) and 1% sucrose solution (B) for 2 h (both in bottles). The position of the two bottles was changed every 6 h to prevent possible side preference in drinking behavior. Then, the mice were deprived of food and water for 24 h. On the testing day after 6 weeks of treatment, each mouse was exposed to preweighed bottles containing water and 1% sucrose solution for 1 h with their positions interchanged. Sucrose preference was calculated as a percentage of sucrose solution consumed relative to the total amount of liquid intake.

### Tail suspension test (TST) and forced swimming test (FST) {#Sec13}

The TST and FST were performed according to previous studies \[[@CR26], [@CR27]\]. For the TST, the mice in the different groups were individually suspended 50 cm above the floor for 6 min by adhesive tape placed \~1 cm from the tip of the tail. An investigator blinded to the study then recorded the duration of immobility during the last 4 min of suspension. The mice were considered immobile only when they hung passively and were completely motionless. Any mouse that climbed up its tail was excluded from further analysis. For the FST, the mice in the different groups were individually placed in a clear glass cylinder (25 cm in height and 10 cm in diameter) filled to a height of 10 cm with water at 25 ± 1 °C for 6 min. An investigator blinded to the study then recorded the duration of immobility during the animal's last 4 min in the water. The immobility time was defined as the time spent by the mouse floating in the water without struggling and making only those movements necessary to keep its head above the water.

### Immunofluorescence {#Sec14}

The animals were anesthetized, and the brain tissues were fixed with 4% paraformaldehyde. The tissues were cut coronally into 4-μm slices with a sliding vibratome (CM1900; Leica Microsystems, Wetzlar, Germany). The immunofluorescence and statistical methods were based on previously described methods \[[@CR28]\]. Brains sections that contained the hippocampus were permeabilized with 0.5% Triton X-100 for 10 min. The samples were placed in 10% donkey serum for 2 h and incubated with a goat anti-ionized calcium-binding adapter protein-1 (Iba1) antibody (1:600; Abcam) overnight at 4 °C and then incubated with a fluorescent dye-conjugated secondary antibody. The fluorescence was assessed under a fluorescence microscope.

### Immunohistochemical assays {#Sec15}

Apoptosis was assayed in fixed coronal sections with terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling using a commercially available in situ cell death detection kit (Roche Diagnostics).

Statistical analysis {#Sec16}
--------------------

Continuous variables are expressed as the mean ± SEM. One-way ANOVA was performed for multiple comparisons using GraphPad Prism software, version 5.0 (GraphPad, La Jolla, CA, USA). *P*-values ≤ 0.05 indicate a statistically significant difference.

Results {#Sec17}
=======

Characterization of ADSCs {#Sec18}
-------------------------

Accumulating evidence has brought stem cell therapy to the forefront as a new promising approach for stroke treatment \[[@CR29]\]. Furthermore, a study also found that stem cells, especially ADSCs, are a promising tool for neural regeneration and thus have become increasingly utilized in research \[[@CR30]\]. Therefore, to verify whether ADSC therapy can improve cognitive dysfunction and hippocampal nerve damage associated with depression, we first isolated ADSCs from mouse fat pads (Fig. [1a](#Fig1){ref-type="fig"}). Immunofluorescence showed positive staining for surface mesenchymal cell markers including CD29, CD90, CD44, and CD105 but negative staining for the endothelial markers CD34 and vWF (Fig. [1b--g](#Fig1){ref-type="fig"}). Finally, the results of oil red O and alizarin red staining confirmed adipocyte differentiation and osteoblast differentiation (Fig. [1h, i](#Fig1){ref-type="fig"}).Fig. 1Characterization of adipose-derived mesenchymal stem cells (ADSCs).**a** ADSCs showed a typical cobblestone-like morphology. Scale bar: 30 μm. **b**--**g** Immunofluorescence staining of CD29, CD90, CD44, CD105, CD34, and von Willebrand Factor (vWF). FITC- and PE-labeled mouse IgG isotype controls are shown (×200). Scale bar: 50 μm. The differentiation potential of ADSCs assessed by oil red O (**h**) and alkaline phosphatase staining (**i**). Scale bar: 50 μm.

ADSC treatment reversed CMS-induced depressive-like behaviors {#Sec19}
-------------------------------------------------------------

The CMS experimental design is presented in Fig. [2a](#Fig2){ref-type="fig"}. Eighteen mice (control, CMS, and CMS + ADSCs) were used. The BW of the mice in the CMS group slowly decreased compared with that in the control group, and ADSC treatment restored the CMS-induced BW reduction (Fig. [2b, c](#Fig2){ref-type="fig"}). CMS-induced obvious depressive-like behaviors in mice, including a decrease in sucrose preference (Fig. [2d](#Fig2){ref-type="fig"}) and an increase in immobility in the TST (Fig. [2e](#Fig2){ref-type="fig"}) and FST (Fig. [2f](#Fig2){ref-type="fig"}). ADSC treatment significantly reversed CMS-induced depressive-like behaviors, suggesting that ADSC treatment improved CMS-induced depressive-like behaviorsFig. 2ADSC treatment reversed chronic mild stress (CMS)-induced depressive-like behaviors.**a** A schematic diagram of the experimental design. **b** Body weight (BW) was measured every week. **c** ADSC treatment (1 × 10^6^/week) induced the highest rate of BW recovery. The data are expressed as the mean ± SEM (*n* = 10). \**P* \< 0.05, \*\**P* \< 0.01 vs control, ^\#^*P* \< 0.05 vs CMS. The regulatory effect of ADSCs on performance in the sucrose preference test (SPT) (**d**), tail suspension test (TST) (**e**), and forced swimming test (FST) (**f**) after CMS. The data are expressed as the mean ± SEM; *n* = 10. \**P* \< 0.05, \*\**P* \< 0.01 vs control; ^\#^*P* \< 0.05 vs CMS.

ADSC treatment reversed CMS-induced inflammatory factor expression and hippocampal microglial polarization {#Sec20}
----------------------------------------------------------------------------------------------------------

Increasing evidence has revealed that inflammation in the context of the nervous system, termed neuroinflammation, is reported in patients with neuropsychiatric disorders and is typically associated with microglial activation and the production of cytokines \[[@CR31]--[@CR33]\]. In this study, we found that CMS significantly promoted MCP-1, TNF-α, IL-1β, and IL-6 expression in the serum but that ADSC treatment reversed this CMS-induced inflammatory factor production (Fig. [3a--d](#Fig3){ref-type="fig"}). Immunofluorescence detection revealed that, 6 weeks after CMS induction, the number of Iba1^+^ microglia was increased compared with that in the control group but that the number of Iba1^+^ microglia decreased with ADSC treatment (Fig. [3e, f](#Fig3){ref-type="fig"}). Immunohistochemical detection also showed that, 6 weeks after CMS induction, the number of apoptotic neuronal cells was increased compared with that in the control group but was decreased with ADSC treatment (Fig. [3g, h](#Fig3){ref-type="fig"}). These data showed that ADSCs exerted an inhibitory effect on CMS-induced microglial activation.Fig. 3ADSC treatment reversed CMS-induced inflammatory factor expression and hippocampal microglial activation.**a**--**d** ELISA analysis showing the expression of the inflammatory factors MCP-1, TNF-α, IL-1β, IL-6 in the serum. The data are expressed as the mean ± SEM (*n* = 10). \*\*\**P* \< 0.001 vs control. ^\#\#\#^*P* \< 0.001 vs CMS. **e**, **f** Representative images showing that ADSC treatment decreased the number of Iba1^+^ microglia compared with that in the CMS mice. The data are expressed as the mean ± SEM (*n* = 6). \*\**P* \< 0.01, \*\*\**P* \< 0.001 vs control; ^\#\#\#^*P* \< 0.001 vs CMS. **g**, **h** Immunohistochemical detection of apoptotic hippocampal neurons. The data are expressed as the mean ± SEM (*n* = 10). \*\*\**P* \< 0.001 vs control; ^\#\#\#^*P* \< 0.001 vs CMS. Scale bar: 50 μm.

Western blot detection further showed that brain-derived neurotrophic factor (BDNF) and tyrosine receptor kinase B (TrkB) expression was decreased with CMS induction. In contrast, ADSC treatment promoted the expression of both BDNF and TrkB in brain tissue (Fig. [4a--c](#Fig4){ref-type="fig"}). Previously, it was shown that BDNF-TrkB signaling is involved in the histopathological damage of hippocampal neuronal cells \[[@CR34], [@CR35]\] and suggested that TrkB and BDNF may play neuroprotective roles. This evidence reflected the protective effect of ADSCs in CMS-induced hippocampal neuronal cell damage.Fig. 4Nrf2 and TLR4 played roles in the ADSC-mediated protective effect on neurons.**a**--**c** Western blot analysis showing the expression of BDNF and TrkB. The data are expressed as the mean ± SEM. \*\*\**P* \< 0.001 vs control; ^\#\#\#^*P* \< 0.001 vs CMS. **d--h** Western blot analysis showing the expression of Nrf2, HO-1, TLR4, and NF-κB. The data are expressed as the mean ± SEM. \*\*\**P* \< 0.001 vs control; ^\#\#\#^*P* \< 0.001 vs CMS.

We also found that Nrf2/HO-1 and TLR4/NFκB signaling were involved in CMS-induced depression in mice. CMS induction promoted TLR4/NFκB signaling but suppressed Nrf2/HO-1 signaling, while ADSC treatment had the opposite effect (Fig. [4d--h](#Fig4){ref-type="fig"}).

Nrf2 played a role in the ADSC-mediated protective effects against LPS-induced inflammatory factor expression in BV2 microglial cells {#Sec21}
-------------------------------------------------------------------------------------------------------------------------------------

To confirm whether Nrf2/HO-1 plays a role in ADSC-mediated neuroprotection, we constructed an Nrf2 overexpression vector and siRNA targeting Nrf2 (siNrf2). The results showed that Nrf2 and HO-1 expression was increased in ADSCs after transfection with the Nrf2 overexpression vector but decreased after Nrf2 silencing (Fig. [5](#Fig5){ref-type="fig"}). ADSC and BV2 cell cocultures showed that the increased expression of TLR4 and NFκB induced by LPS was decreased by treatment with Nrf2-overexpressing ADSCs, but the downregulation of Nrf2 decreased the inhibitory effect of ADSCs on LPS-induced TLR4 and NFκB expression (Fig. [6a--c](#Fig6){ref-type="fig"}). ELISA showed that the upregulation of Nrf2 in ADSCs suppressed the secretion of the LPS-induced inflammatory factors MCP-1, TNF-α, IL-1β, and IL-6 by BV2 cells (Fig. [6d--g](#Fig6){ref-type="fig"}). qPCR further confirmed that the expression of the M1 markers iNOS and CCL2 was increased by LPS. After treatment with Nrf2-ADSCs, the expression of M1 markers decreased, but the downregulation of Nrf2 expression in ADSCs reversed the inhibitory effects of ADSCs against LPS-induced M1 microglial phenotype polarization. Nrf2-ADSC treatment also promoted the expression of the M2 markers Ym1 and Arg1 (Fig. [6h--k](#Fig6){ref-type="fig"}). Taken together, these results suggested that ADSCs reversed LPS-induced nerve cell injury and inflammatory cytokine expression by suppressing M1 polarization and TLR4/NFκB activation via the Nrf2/HO-1 signal pathway.Fig. 5The expression of Nrf2 and HO-1 in ADSCs after transfection with an Nrf2 overexpression vector or siRNA targeting Nrf2 (siNrf2).**a**--**c** Western blot analysis showing the expression of Nrf2 and HO-1 in ADSCs. The data are expressed as the mean ± SEM. ^\*\*\*^*P* \< 0.001 vs control; ^\#\#\#^*P* \< 0.001 vs Nrf2.Fig. 6ADSC and BV2 cell cocultures showed that Nrf2 plays a role in ADSC-mediated protective effects against LPS-induced inflammatory factor expression in BV2 microglial cells.**a**--**c** Western blot analysis showing the expression of TLR4 and NF-κB in BV2 cells. The data are expressed as the mean ± SEM. \*\*\**P* \< 0.001 vs control; ^\#\#\#^*P* \< 0.001 vs LPS. **d**--**g** ELISA analysis showing the expression of the inflammatory factors MCP-1, TNF-α, IL-1β, IL-6 in the cellular supernatant. The data are expressed as the mean ± SEM. \*\*\**P* \< 0.001 vs control; ^\#\#\#^*P* \< 0.001 vs LPS. **h**--**k** RT-PCR showing the expression of the M1 phenotype markers (iNOS and CCL2) and M2 phenotype markers (Ym1 and Arg1) in brain tissue. The data are expressed as the mean ± SEM. \*\*\**P* \< 0.001 vs control; ^\#\#\#^*P* \< 0.001 vs LPS.

Discussion {#Sec22}
==========

Depression has been on the rise in recent years as a result of increases in stress in everyday life. Increasing evidence has indicated that the excessive secretion of proinflammatory cytokines, including MCP-1, IL-1β, IL-6, and TNF-α, results in behavior similar to that of depression \[[@CR28]\]. Here, we also found that MCP-1, IL-1β, IL-6, and TNF-α expression was increased after the induction of depression in both in vivo and in vitro experiments. Interestingly, ADSC treatment suppressed MCP-1, IL-1β, IL-6, and TNF-α expression. The results also showed that ADSC treatment improved depressive-like behaviors in the SPT, TST, and FST, which is in agreement with previous reports regarding depression and inflammation \[[@CR36]\]. We also found that ADSC treatment increased the expression levels of BDNF and TrkB, which were decreased after depression. The activation of the BDNF-TrkB signaling pathway was previously shown to regulate brain inflammation and protect against hippocampal injury \[[@CR37], [@CR38]\], indicating that the protective effect elicited by ADSCs may be related to reduced signs of depression.

Further investigation found that depression promoted TLR4/NF-κB activation and concurrently downregulated the Nrf2/HO-1 signaling pathway. In contrast, ADSC treatment increased Nrf2/HO-1 signaling and decreased TLR4/NF-κB activation. TLR4 signaling leads to the activation of the JNK signaling cascade to induce neuroinflammation and neurodegeneration and/or interferes with the Bcl-2 family of proteins to activate the mitochondrial apoptotic pathway \[[@CR39], [@CR40]\]. This TLR4 activation triggers the production of TNF-α and IFN-γ in macrophages via MyD88 \[[@CR41]\]. Specifically, M1 macrophages induce TLR4 activation, which stimulates STAT1/STAT2/IRF9 to bind with interferon-stimulated response elements to induce a feedforward loop of LPS-induced gene expression to promote macrophage activation \[[@CR42], [@CR43]\]. In vitro experiments found that silencing Nrf2 in ADSCs inhibited the anti-inflammatory effect, which is consistent with previously reported studies \[[@CR44], [@CR45]\]. We also found that Nrf2 played an important role in ADSC-mediated microglial phenotype regulation. Specifically, ADSC treatment suppressed the LPS-induced M1 phenotype and promoted the M2 phenotype. These results are in agreement with those of previous studies that showed that Nrf2 activation is related to switching from the M1 to the M2 phenotype \[[@CR18], [@CR46]\]. As the immune cells of the CNS, microglia can influence neurogenesis through the M1 and M2 subtypes; one study indicated that switching of the microglial phenotype is a possible treatment for depression \[[@CR47]\]. Activated receptor-gamma-induced M2 microglia (alternatively activated microglia) also promote the proliferation and differentiation of neural precursor cells \[[@CR48]\]. Our study found that Nrf2 activation played an important role in switching M1 phenotype microglia to the M2 phenotype \[[@CR49]\].

Meanwhile, a previous study verified that Nrf2 expression inhibits hyperglycemia-induced peripheral nerve injury by suppressing the TLR4/NF-κB signaling pathway \[[@CR50]\]. The expression of Nrf2 also suppresses TLR4/NF-κB-mediated inflammatory cytokine expression \[[@CR51], [@CR52]\]. Therefore, the present study was undertaken to investigate the mechanism by which ADSCs reduce depressive-like behaviors and the expression of proinflammatory cytokines by Nrf2 regulation.

In summary, our study indicated that ADSCs can protect against CMS-induced depressive-like behaviors by suppressing inflammation, which is accompanied by microglial phenotypic switching towards the M2 phenotype. We believe these results are dependent on Nrf2 expression in ADSCs, which indicates their possible use in depression treatment.

This work was supported by grants from the National Natural Science Foundation of China (31771184).

HW, XW, and JLJ designed the study and wrote the protocols; XH, YW, and GQF managed the literature retrieval and performed the experimental work and data analysis; WJL, JD, and XW wrote the first draft of the manuscript. All authors contributed to and have approved the final manuscript.

The authors declare no competing interests.
